Plasmacytoid dendritic cells (pDCs) represent a unique and crucial immune cell population capable of producing large amounts of type I interferons (IFNs) in response to viral infection. The function of pDCs as the professional type I IFN-producing cells is linked to their selective expression of Toll-like receptor 7 (TLR7) and TLR9, which sense viral nucleic acids within the endosomal compartments. Type I IFNs produced by pDCs not only directly inhibit viral replication but also play an essential role in linking the innate and adaptive immune system. The aberrant activation of pDCs by self nucleic acids through TLR signaling and the ongoing production of type I IFNs do occur in some autoimmune diseases. Therefore, pDC may serve as an attractive target for therapeutic manipulations of the immune system to treat viral infectious diseases and autoimmune diseases. Increasing evidence has demonstrated that the dysregulated pDC activation and excessive expression of IFN-α from pDCs are associated with autoimmune diseases [5] [6] [7] [8] , which draws more and more attention from immunologists. After more than two decades of effort by researchers, pDCs finally claim their place in the hematopoietic chart as an important cell type in antiviral immunity and autoimmunity. In this review, we summarize the remarkable progress made over the past 10 years in understanding pDC biology, with focus on the molecular mechanisms for pDCs in antiviral immunity and autoimmunity.
Dendritic cells (DCs) are professional antigen-presenting cells within the immune system, crucial for the innate and adaptive immune responses to infections and for maintaining immune tolerance to self tissues [1] . Although they share many common features, multiple subtypes of DCs with distinct surface markers, migratory patterns, localization, life span and immune functions have been identified [2] . Plasmacytoid dendritic cells (pDCs), an important type of dendritic cells, were identified as the major type I interferons (IFNs) producing cells in response to viral infection about 10 years ago by our laboratory [3, 4] and now much progress has been made towards the better understanding of pDC biology.
Increasing evidence has demonstrated that the dysregulated pDC activation and excessive expression of IFN-α from pDCs are associated with autoimmune diseases [5] [6] [7] [8] , which draws more and more attention from immunologists. After more than two decades of effort by researchers, pDCs finally claim their place in the hematopoietic chart as an important cell type in antiviral immunity and autoimmunity. In this review, we summarize the remarkable progress made over the past 10 years in understanding pDC biology, with focus on the molecular mechanisms for pDCs in antiviral immunity and autoimmunity.
Identification of pDCs as the Type I interferon-producing cells
In the 1950s, pathologists Lennert and Remmele [9] described a cell type with plasma cell morphology located in the T cell area of human lymphoid tissues. It was renamed "plas-
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·Review· macytoid T cells" due to the expression of T-cell marker CD4 [10, 11] . Later, Facchetti et al [12] found that plasmacytoid T cells expressed several myelomonocytic makers but lacked B or T lymphocyte associated antigens and suggested to use the item "plasmacytoid monocytes". In 1997, Grouard et al. [13] from our laboratory isolated plasmacytoid T cells from human tonsils for the first time and demonstrated that these cells differentiated into dendritic cells with IL-3 or IL-3 plus CD40 ligand (CD40L). Therefore, "plasmacytoid dendritic cell precursors" were then used to describe this specific cell type, now called "plasmacytoid DCs" (pDCs).
In the 1970s, it was clear that human peripheral blood leukocytes contain a cell type that produce more type I IFNs than other cell types after exposure to viruses [14] . Extensive studies concluded that these type I interferon-producing cells (IPC) were not B cells, T cells, NK cells, monocytes, or macrophages [15] [16] [17] . In 1999, our laboratory formally demonstrated that pDCs are actually IPCs, which have the capacity to produce 100-1000 times more type I IFNs than other blood leukocytes following virus infection [3] . Later, pDCs were identified in other species including mice, rats, pigs, sheep and non-human primates [4] .
Characterization of plasmacytoid dendritic cells

The morphology of pDCs
Human pDCs represent 0.2%-0.8% of peripheral blood mononuclear cells (PBMCs) and display plasma cell morphology on Giemsa staining. They are slightly smaller than CD14 + monocytes, but bigger than resting lymphocytes ( Figure 1A ). Whereas a monocyte displays a horseshoeshaped nucleus ( Figure 1B) , a pDC displays an eccentric kidney-shaped nucleus ( Figure 1A ). Whereas monocytes have many vesicles in the cytoplasm, pDCs have a basophilic cytoplasm that contains a pale Golgi zone. By transmission EM, pDCs display nuclei with marginal heterochromatin and cytoplasm containing well-developed rough endoplasmic reticulum, small Golgi apparatus, and many mitochondria ( Figure 1D ). By scanning EM, pDCs display a smooth, round, lymphoid morphology and are 8-10 μm in diameter ( Figure 1E ). In particular，whereas the CD11c + blood immature myeloid DCs (mDCs) display dendrites ( Figure 1C )，immature pDCs display no dendrites. Immature pDCs died rapidly in culture, but in the presence of IL-3 and CD40L they differentiated into cells with mature interdigitating DC morphology [13] ( Figure 1F ). plasmacytoid monocytes because of their expression of MHC class II and myeloid antigen such as CD68, pDCs do not express most of the antigens expressed on myeloid cells, such as CD11b, CD13, CD14, or CD33. They also do not express nonspecific esterase, and they lack phagocytic activity. These facts together suggest that pDCs belong to an independent cell lineage within the immune system. Two additional markers, BDCA-2 (CD303) and BDCA-4 (CD304), are restricted to human pDCs in peripheral blood and bone marrow [18] . In order to get pDCs of higher than 99% purity from human peripheral blood, isolation of CD4 + CD11c − Lin − (CD3, CD14, CD16, CD19, CD56) cells by three-color immunofluorescence cell sorting would be a preferable method [4] .
Surface phenotype of human pDCs
Development, localization and migration of pDCs
The origin of plasmacytoid dendritic cells has been controversial because both common lymphoid progenitors (CLP) and common myeloid progenitors (CMP) give rise to pDCs [19, 20] . It appears that pDCs represent a unique hematopoietic lineage, whose development is much more flexible than both conventional lymphoid (B, T, NK) and myeloid (monocytes and granulocytes) cells [21] . Human pDCs are identified in bone marrow and some primary lymphoid tissues such as fetal liver and thymus, which suggests that pDCs develop from hematopoietic stem cells (HSCs) [22] . FLT3 ligand is the only known cytokine that is most critical for pDC development from HSCs in humans and mice [22] [23] [24] [25] . The development of human pDCs is regulated by various transcription factors, such as the ETS family protein Spi-B [26] and E-box protein E2-2 [27, 28] . During adult life, pDCs appear to be produced constantly from bone marrow. Granulocytes colony-stimulating factor (G-CSF), another important cytokine in pDC development, may promote pDC immobilization from bone marrow [29, 30] . After leaving the bone marrow, pDCs appear to migrate into the T cell-rich areas of the secondary lymphoid tissues through high endothelial venule (HEV) in lymph nodes and mucosa-associated lymphoid tissues, as well as through marginal zones of the spleen under steady-state conditions [31, 32] . Kinetic studies indicate that pDCs in mice have an average life span of about 2 weeks [33] .
Function of plasmacytoid dendritic cells in
anti-viral immunity
pDCs are professional Type I IFN-producing cells in antiviral infections
Upon virus infection, pDCs produce large amounts of type I IFNs within 24 h while other blood cell types produce only small or undetectable amounts [3] . When stimulated by viruses, pDCs dedicate approximately 60% of their new transcriptional activity to make type I IFNs, including all transcripts of 19 different type I IFN subtypes tested [34] . After the first 24 h of virus stimulation, pDCs produce only a fraction of type I IFNs and do not make a secondary response when stimulated further with the same virus or different viruses [34] . pDCs also produce moderate amounts of IL-6 and TNF-α as B cells and mDCs, but small amounts of IL-12, and no IL-10 [34] . In vivo depletion of mouse pDCs (Ly6G + /C + cells) by anti-Ly6G/C treatment abrogated the IFN-α production in response to cytomegalovirus infection [35] [36] [37] . All these data indicated that pDCs are professional type I IFNs-producing cells in anti-viral innate immune responses. The rapid production of type I IFNs by pDCs is independent of the positive feed-back effect of IFN-β, as pDCs in type I IFN receptor-deficient mice produced similar amounts of IFN-α as wild type mice in response to viruses [37] .
pDCs sense viral nucleic acids through TLR7 and TLR9
Toll-like receptors (TLRs) are a family of membrane molecules recognizing pathogen-associated molecular patterns (PAMPs), highly conserved from Drosophila to human [38] [39] [40] . CD11c + mDCs express TLR1, TLR2, TLR3, low levels of TLR5, TLR6, TLR8, and TLR10, while monocytes express TLR1, TLR2, TLR4, TLR5, TLR8, and a low level of TLR6 [41] . In marked contrast to mDCs and monocytes, pDCs preferentially express high levels of TLR7 and TLR9 [41, 42] (Figure 2 ). TLR7 is identified as a receptor for pDCs to recognize single-stranded RNA (ssRNA) to detect infection by ssRNA viruses [43] [44] [45] . The pDCs isolated from the bone marrow of TLR7-deficient mice secreted significantly reduced levels of IFN-α in response to VSV vesicular stomatitis virus (VSV) infection, thus indicating the requirement of TLR7 in IFN-α production by pDCs [45] . The recognition of viral double-stranded DNA (dsDNA) by pDCs is mediated by TLR9, as the pDCs lacking TLR9 are incapable of secreting IFN-α in response to dsDNA viruses [46] [47] [48] .
The signaling pathway of TLR7 and TLR9 involves a multi-protein signal-transducing complexes, including myeloid differentiation primary-response gene 88 (MyD88), tumor-necrosis factor receptor-associated factor 6 (TRAF6) [49] [50] [51] , interleukin 1-receptor-associated kinase (IRAK1/ IRAK4) [52] [53] [54] , and Bruton's tyrosine kinase (BTK) [55] (Figure 2 ). TLRs bind to MyD88 through death-domains interaction, further recruit and associate with TRAF6, BTK and IRAK1/IRAK4 in the cytoplasm, leading to the activation of interferon-regulatory factor 7 (IRF7), nuclear factor-κB (NF-κB), and mitogen-activated protein kinases (MAPKs). pDCs constitutively express a high level of IRF7 [56] [57] [58] , partially contributing to the rapid production of robust type I IFNs in response to viruses. Other IRFs were also reported to be expressed by pDCs [34] and participate in type I IFNs production, such as IRF4 [59] , IRF5 [60, 61] , and IRF8 [62] . As TLR7 and TLR9 translocate from the endoplasmic reticulum to the endosomal compartment upon stimulation, additional cellular factors were reported to be involved in TLR-mediated activation of pDCs, such as UNC93B [63] , ER chaperone gp96 [64] .
pDCs link innate and adaptive immunity
Besides the direct antiviral effect, type I IFNs produced by pDCs also promote the antiviral functions of mDCs, NK cells, T cells, and B cells, thus linking the innate with adaptive immunity in anti-viral responses. In vitro IFN-α enhanced the maturation of mDCs, and led to their production of IL-12 [65] . In HIV infection, pDCs induced a bystander maturation of mDCs dependent on the production of type I IFNs and TNF-α [66] . pDCs act sequentially on CD40-activated B cells, with IFN-α/β generating non-Immunoglobulin (Ig)-secreting plasma blasts and IL-6 inducing their differentiation into Ig-secreting plasma cells [67] . In the 1980s, NK cell activation and cytotoxicity were reported to be dependent on HLA-DR + cells (now known as pDCs)
in PBMCs [68, 69] . Using highly purified pDCs and NK cells, the direct activation of NK cells by pDCs was demonstrated. Hanabuchi et al. [70] reported that GITRL plays an important role for CpG oligodeoxyribonucleotide (CpG-ODN) activated pDCs to promote NK cytotoxicity. Type I IFNs could induce cross-presentation during virus infection, and promote the proliferation of antigen-specific CD8 + T cells, and the commitment of naive T cells into Th1 cells through the signal transducer and activator of transcription1 (stat1), stat 3 activation and T-bet expression [71] [72] [73] . After being activated by viruses or IL-3 plus CD40L, pDCs differentiated into mature DCs, inducing polarization of naïve CD4 + T cells into Th1 and Th2 cells [74, 75] . In addition, pDCs have the intrinsic ability to induce IL-10 production by T cells, which is dependent on the expression of inducible costimulator ligand (ICOSL) [76] .
pDCs and human viral infectious diseases
As the major type I IFN-producing cells in the innate immune system, pDCs respond to a wide range of viruses, Figure 2 The activation pathway of pDCs responding to viral nucleic acids and negative regulation of the pDC function by surface receptors. When exposed to viruses or nucleic acids, TLR7 and TLR9 translocate to the endosome to get engaged with ssRNA or dsDNA, leading to the conformational changes in the TLRs. Then a multi-protein signaling complex is formed, including MyD88, BTK, TRAF6, IRAK1, and IRAK4, and this complex activates MAPKs and transcriptional factors, such as NF-κB, and IRF7. Following the activation, the transcription factors translocate into nuclei and initiate the transcription of type I IFNs, pro-inflammatory cytokines (such as IL-6 and TNF-α), and co-stimulatory molecules (such as CD80, CD86). Meanwhile, pDCs express some surface regulatory receptors, such as BDCA-2, ILT7, NKp44, and Siglec-H, to inhibit type I IFNs production through the ITAM signaling pathway.
including human immunodeficiency virus type I (HIV-1), influenza virus, Sendai virus, herpes simplex virus (HSV), etc.
In HIV infection, pDCs express CD4, CCR5, and CXCR4, which serve as the co-receptors for entrance of HIV [13, 77] . It has been reported that in HIV-infected patients, the function of circulating pDCs in the blood was impaired [78] [79] [80] [81] . There was a negative correlation between the pDCs number in the blood and the viral load, implying the significance of pDCs in HIV infection [80] . It was also reported that HIV-1 could turn pDCs into TNF-Related Apoptosis-Inducing Ligand (TRAIL) expressing killer cells, and down-regulate the co-receptors for HIV entry [82] . However, it becomes controversial about the role of pDCs in AIDS pathogenesis based on the recent investigations [83] [84] [85] . Mandle et al. found that pDCs produce much less amounts of IFN-α in SIV natural host Sooty mangabeys (SMs), in which the virus is nonpathogenic, compared with the pDCs from the pathogenic virus host Rhesus macaques (RMs). Global genomic analysis of host gene expression in SIV-infected SMs and RMs revealed that SIV infection triggered strong IFN-α production in both species, with this immune-activation only efficiently restricted in SMs [84, 85] . The distinction probably correlates with the different disease progression between these two species [83, 86, 87] . This reminds us that suppression of the sustained immune activation may be the key to control the disease progression in HIV-infected patients, and pDC would serve as a target in this process.
In hepatitis B virus (HBV) infected patients, the decreased frequency and impaired function of pDCs to produce the type I IFNs were reported, which may be associated with HBV persistence [88] [89] [90] . Clinically, chronically HBV-infected pediatric patients favorably responding to IFN-α therapy are characterized by prominent pDCs recovery [91] . One possible explanation for the decreased pDCs frequency may be the infection of pDCs by HBV. By PCR analysis of covalently closed circular DNA (cccDNA) and electron microscopy of circulating pDCs from high viremic HBV carriers, no infection of pDCs by HBV was detected [92] . Still it is possible that pDCs could take up HBV and lead to the functional impairment. However, whether HBV could affect the cytokines production of pDCs in response to TLR ligands, thus leading to the impairment of the pDCs function and the molecular mechanism underlying these phenomena need to be addressed.
Avian influenza virus H5N1 has caused great concern worldwide due to the high mortality rate of >50% in infected humans since the first documented cases occurred in Hong Kong in 1997. Viral RNA and viable viruses were detected in blood and available histopathological specimens of deceased patients [93, 94] , implying the viral evasion of host immunity. Unlike mDCs, which could be infected by influenza H5N1, pDCs are resistant to infection and secret higher amounts of IFN-α compared with low pathogenicity influenza viruses (H1N1 or H3N2) [95, 96] . Treatment of DCs with IFN-α (10000U/mL) completely abolished H5N1-induced killing and significantly reduced viral RNA.
Soon after the first case of swine-origin H1N1 virus infection was reported in Mexico, H1N1 caused a worldwide pandemic. Little is known about the pathogenesis and immune responses to H1N1 infection. Although a newly released paper described the type I IFNs production in monocyte-derived DCs and macrophages, the capability of pDCs to produce type I IFNs in response to H1N1 still needs to be investigated [97] .
Function of plasmacytoid dendritic cells in autoimmunity 4.1 Mechanisms for innate tolerance to self-DNA and self-RNA
It is very critical for the immune system to avoid the recognition of self-DNA and self-RNA while retaining the ability to sense microbial nucleic acids. The innate immune system appears to have elaborated several distinct mechanisms to discriminate pathogen-derived exogenous nucleic acids and host-derived self nucleic acids. First, the subcellular localization of TLR7 and TLR9 to endosomal vesicles, rather than to the cell surface, is likely a crucial mechanism for restricting the immune response to nucleic acids from pathogens that invade the cells by endocytosis, whereas self DNA and self-RNA fail to spontaneously access these compartments [98] . Second, the abundant DNases and RNases in the extracellular environment ensure a rapid degradation of self nucleic acids released from dying cells and damaged cells but not the nucleic acids in viruses or microorganisms. Third, during infection viral and bacterial genomes are taken up into endosome where they could readily reach the concentrations required for TLRs activation, while both extracellular and intracellular self nucleic acids are normally not efficiently concentrated in endosome without additional components to facilitate the process of uptake [99] . Finally, viral or bacterial DNA contains multiple unmethylated CpG motifs that bind and activate TLR9, whereas mammalian self-DNA contains fewer such motifs and these are mostly masked by methylation [100] . Moreover, vertebrate-specific RNA modification, including poly(A) tails and nucleotide methylation, also contributes to the low immunogenicity of self RNA [101] .
Recognition of self-DNA/RNA by pDCs causes autoimmune pathology
There is considerable emerging evidence that TLRs recognition of self nucleic acids occurs under certain circumstances although the innate immune system evolves distinct mechanisms to prevent self recognition. The chronically activated pDCs and the IFN-α that they produce in response to self nucleic acids are contributing factors in the pathogenesis of some autoimmune diseases, such as systemic lupus erythematosus (SLE) and psoriasis.
In patients with SLE, pDCs are continuously activated by circulating immune complexes (ICs) comprising self DNA or RNA and antibodies to self DNA/chromatin or small nuclear ribonucleoprotein (snRNP) [102, 103] (Figure 3) . Multiple studies have indicated that the increased serum levels of IFN-α observed in many SLE patients correlate with both disease activity and key disease markers, such as anti-DNA antibodies [104, 105] . DNA-containing ICs isolated from the sera of patients with SLE trigger type I IFNs production by pDCs through the binding of DNA-specific autoantibodies to low-affinity Fc receptor for IgG (FcγRIIA). HMGB1 (high-mobility group box 1 protein), a nuclear DNA-binding protein released from necrotic cells, has the ability to enhance type I IFNs production by pDCs through a TLR9-MyD88 pathway involving the multivalent receptor RAGE (receptor for advanced glycation end-products) [106] . The resulting production of high levels of IFN-α by pDCs induces an unabated activation and maturation of mDCs that stimulate autoreactive T cells [107] . Furthermore, pDCsderived type I IFNs, together with IL-6, stimulate the differentiation of autoreactive B cells into autoantibodysecreting plasma cells [67] and the expression of B cell survival factors such as BAFF (B cell-activating factor of the TNF family) [108, 109] . This potentially leads to a positive feedback loop (Figure 3 ) in which antibodies produced by autoreactive B cells activate IFN-α from pDCs, which in turn promote B cells survival, activation and differentiation [110] .
The aberrant activation of pDCs by self-DNA and self RNA also triggers autoimmunity in psoriasis (Figure 3) . Psoriasis is one of the most common human skin diseases and is characterized by excessive growth and aberrant differentiation of keratinocytes [111] . Normally pDCs are not present in healthy skin but infiltrate the skin of psoriasis patients and pDCs-derived type I IFNs were demonstrated to trigger the local activation of myeloid dentritic cells and autoreactive T cells, leading to the development of psoriasis [112] . In psoriasis skin, pDCs are activated to produce type I IFNs by abnormally sensing extracellular self-DNA coupled with an antimicrobial peptide called LL37 [113] . LL37 secreted by keratinocytes and neutrophils binds self DNA Figure 3 A model for recognition of self-DNA and self-RNA by pDCs. LL37 binds self-DNA and self-RNA fragments released by dying cells to form aggregated and condensed structures that are protected from extracellular nuclease degradation. HMGB1, derived from the dying cells, binds aggregated self-DNA-LL37 complexes or dsDNA-autoantibodies immune complexes and promotes their association with TLR9 through interacting with RAGE. In SLE, the aberrantly expressed IFN-α from pDCs, together with IL-6, stimulates the differentiation of autoreactive B cells into plasma cells and expression of B cell survival factor BAFF. This could contribute to amplification of the pathogenic loop in which pDCs produce more type I IFNs and subsequently promote the differentiation of autoreactive plasma cells that would further secret autoantibodies to form immune complexes to activate pDCs.
fragments from dying cells through its cationic and α-helical properties, forming large aggregated and condensed structures that are resistant to extracellular nuclease degradation. The LL37-DNA complexes then translocate into the endocytic compartment of pDCs, a process which involves the attachment of LL37 to proteoglycans in the cell membrane followed by lipid-raft-mediated endocytosis [114] . The aggregated self-DNA-LL37 complexes are retained in early endosomes of pDCs to trigger a sustained IFNs induction via TLR9/MyD88/IRF7 signaling ( Figure 3) . A recent report reveals that self-RNA-LL37 complexes are also present in psoriatic skin lesions, triggering pDCs to secret abundant IFN-α [115] . The high level of type I IFNs caused by recognition of self-DNA and self-RNA by pDCs could be a more general and underappreciated factor in driving autoimmune diseases. The elevated percentage of pDCs has been found in the synovial fluids of patients with rheumatoid arthritis (RA) and psoriatic arthritis (PA), which indicates that chemokinedriven recruitment of pDCs from the blood could be important in the regulation of arthritis pathology [116] . Sjogren's syndrome (SS), a prototypic systemic autoimmune disease associated with RA and SLE, is characterized by dry eyes and dry mouth due to the destruction of exocrine glands [117] . The abnormal production of extra anti-nulear autoantibodies in the blood and the great number of pDCs in the salivary glands [118] suggest that TLR7 and TLR9 self-recognition in pDCs might also contribute much to the overall inflammatory responses in SS patients.
Potential use of pDCs-targeted immunomodulation in autoimmune diseases
The emerging data indicate a causal relationship between autoimmune diseases and aberrant type I IFNs production. Usually patients with autoimmune diseases have increased levels of type I IFNs in serum and/or in the peripheral lymphoid tissues and sites of inflammation, which correlates to both disease activity and severity. Recent studies demonstrate that the expression of type I IFN genes and IFN-induced genes represents the most striking molecular signatures of SLE peripheral blood cells [119, 120] . The approaches aimed at reducing the IFN-α level [121, 122] and deleting B cells by antibodies [123] in lupus patients are currently being investigated, and early evaluation of clinical trials is extremely promising. However, pDC, as the main producer of type I IFNs, should be the target for therapeutic manipulations of the immune system to elicit a powerful modulation to treat autoimmune diseases in combination with other therapies.
Using anti-BDCA-2 monoclonal antibodies (mAbs), the IFN-α production by PBMCs stimulated with serum from SLE patients was markedly reduced [124] , which suggests the direct ligation of pDC-specific markers such as BDCA-2 [125] and ILT7 [126] (Figure 2 ) may be a therapeutic option for inhibiting the ongoing IFN-α production in patients with autoimmune diseases. Antibody cross-linking of NKp44 [127] or Siglec-H [128] (Figure 2 ), receptors that signal through the ITAM (immunoreceptor-based tyrosine activation motif) bearing adaptor DAP12, reduces type I IFNs production by pDCs activated by TLR7 and TLR9 agonists in vitro and in vivo. Both the IgE engagement with FcεRIγ [129] and the IgG engagement with FcγRIIA [130] downregulate type I IFNs production by human pDCs, which implies the employment of ITAM-mediated signaling pathway to modulate the pDC function. As a matter of fact, pDCs use a powerful ITAM-mediated, BCR-like regulatory pathway to counteract the prominent TLR signaling pathway [131, 132] . Similarly, signaling molecules downstream the TLRs, such as MyD88, TRAF6, IRAK-1, IRAK-4 and IRF-7 (Figure 2) , also represent potential therapeutic targets.
Other possible therapeutic approaches include elimination of the immune complexes containing self DNA/RNA and autoantibodies. Several methods can be used to reduce the amount of such endogenous IFN-α inducers, such as DNase and RNase treatments in SLE patients. DNase I has been implicated in the pathophysiology of SLE since the 1950s, and administration of exogenous human recombinant DNase I (hrDNase I) has been tried in SLE patients [133] . However, no clear therapeutic effect was noted partly due to the remaining RNA-containing ICs. The upregulation of cell surface Fas expression by hrDNase I treatment, which induces increased susceptibility to Fas-mediated apoptosis and results in more auto-antigenic DNA/RNA, may also contribute to explaining the inefficacy of hrDNase I in SLE [134] . The action of antigenic ICs on pDCs is also prevented by the blockade of FcγRIIA using specific antibodies (Figure 3) or by the inhibition of the TLRs function using TLR antagonists. Immunoregulatory sequence (IRS) 954, a bifunctional ODN with antagonist activity for both TLR7 and TLR9, inhibits the induction of IFN-α by human pDCs and reduces symptoms in murine lupus models [135, 136] , indicating that IRS could be a novel therapeutic approach for human autoimmune diseases.
Conclusions and perspectives
After generation from HSC within the bone marrow, pDCs are continuously released into the peripheral blood stream. These cells display plasma cell morphology, selectively express TLR7 and TLR9 in their endosomal compartments, and are specialized in rapidly secreting massive amounts of type I IFNs upon viral infection. Type I IFNs produced by pDCs not only have inhibitory effects on viral replication, but also contribute to the activation of NK cells, B cells, T cells and mDCs. At a later stage of viral infection, pDCs differentiate to a unique type of mature DCs, which directly regulate the function of T cells, thus contributing to linking the innate and adaptive immune system. The sustained activation of pDCs and excessive expression of type I IFNs from pDCs in response to TLR stimulation by sensing self nucleic acids also function in the pathogenesis of autoimmune diseases.
Although recent studies have greatly enhanced our understanding of the pDCs function in antiviral immunity and autoimmunity, several fascinating questions remain to be further investigated. What is the specific and detailed pathway for pDC development? Do the TLR7-and TLR9-dependent pathways cooperate with the non-TLR pathways involved in nucleic recognition such as RIG-I/MDA [137] and cytosolic DNA sensor DAI [138] in response to viral infection? A wide range of autoimmune and inflammatory diseases are linked with dysregulated pDC activation and aberrant IFN-α production triggered by self nucleic acids coupled with HMGB1, autoantibodies and LL37. However, are there any other host-derived factors that break innate tolerance to self nucleic acids? How can we harness pDC biology to develop safe and effective immunotherapy for viral infectious diseases and autoimmune diseases?
